Context. Solar and extrasolar comets and extrasolar planets are the subject of numerous studies in order to determine their chemical composition and internal structure. In the case of planetesimals, their compositions are important as they govern in part the composition of future planets. Aims. The present works aims at determining the chemical composition of icy planetesimals, believed to be similar to present day comets, formed in stellar systems of solar chemical composition. The main objective of this work is to provide valuable theoretical data on chemical composition for models of planetesimals and comets, and models of planet formation and evolution. Methods. We have developed a model that calculates the composition of ices formed during the cooling of the stellar nebula. Coupled with a model of refractory element formation, it allows us to determine the chemical composition and mass ratio of ices to rocks in icy planetesimals throughout in the protoplanetary disc. Results. We provide relationships for ice line positions (for different volatile species) in the disc, and chemical compositions and mass ratios of ice relative to rock for icy planetesimals in stellar systems of solar chemical composition. From an initial homogeneous composition of the nebula, a wide variety of chemical compositions of planetesimals were produced as a function of the mass of the disc and distance to the star. Ices incorporated in planetesimals are mainly composed of H 2 O, CO, CO 2 , CH 3 OH, and NH 3 . The ice/rock mass ratio is equal to 1±0.5 in icy planetesimals following assumptions. This last value is in good agreement with observations of solar system comets, but remains lower than usual assumptions made in planet formation models, taking this ratio to be of 2-3.
Introduction
The determination of the chemical composition of planetesimals or (extrasolar) comets (assuming they have conserved the initial chemical composition of the protoplanetary disc since their formation) has been the subject of numerous studies. In the context of the solar system, comets are assumed to provide the link between the chemical composition of planets and that of the protosolar nebula. These bodies are supposed to be the most primitive objects of stellar systems. They are formed from ices in cold areas of the protosolar nebula and should therefore have conserved the chemical composition of the cloud that gave birth to the stellar systems. These small objects could be, at least partially, the origin of water and planetary atmospheres (Dauphas 2003 ) as a result of collision with planets during their migration towards the inner solar system (Ipatov & Mather 2006 , 2007 . Moreover, it has been proposed that they could have taken part in the emergence of life on Earth. The observations of the coma (gas phase) of comets in the solar system shows that these bodies can have chemical compositions that vary from one to two orders of magnitude from one comet to another (Bockelée-Morvan et al. 2004 ; Mumma & Charnley 2011) . The study of the chemical composition of comets, i.e. icy planetesimals, is of crucial importance to understanding these discrepencies as well as the process of planetary system formation and the chemical composition of planets. The study of the composition of volatile species incorporated in planets is an important parameter in planetary internal structure and thermal evolution models of planets (see Marboeuf et al. 2014 submitted, hereafter paper 3).
Our aim, in this paper and a companion one , hereafter paper 1), is to determine the composition of planetesimals that are the first elements of future planets (see paper 3). We proceed in the following way. We first compute the composition of planetesimals for a population of different masses of discs, and at any distance to the central star, considering both the icy species (topic of this paper), and refractory species (paper 1). These results are then combined with the results of the formation model of Alibert et al. (2013) (which provides the amount of planetesimals accreted by every planet as a function of the distance to the central star) to derive the final composition of planets (see paper 1 for refractory elements and paper 3 for volatile species). The main objective of the work presented in this paper is to provide valuable theoretical data of chemical composition for models of planetesimals and comets (in the context of the solar system), and for planet formation and evolution models.
This article is organized as follows: in a first step (Sect. 2), we present the models (both the planetary formation model, and the composition model) and describe the physical processes taken into account. In a second step (Sect. 3), we discuss the physical assumptions, chemical composition of the gas phase of the stellar nebula, and the adopted thermodynamics parameters. In a third step (Sect. 4), we determine the chemical composition of grains incorporated in planetesimals formed at any distance to the star. We therefore compare our results with the chemical A&A proofs: manuscript no. marboeuf_planetesimals composition of comets in the solar system (Sect. 5). The last part (Sect. 6) is devoted to the discussion and conclusion.
Description of the physical models used in this work
Our procedure to determine the chemical composition of planetesimals is organized as follows. Planetesimals are believed to form from the coagulation of small grains (icy and/or rocky), whose chemical composition is itself provided by the condensation/trapping sequence of gas in the discs. It means that we follow the condensation sequence of the gas of the disc, and stop this sequence at a temperature which is the one in the disc at the initial time of the planet formation model (see paper 3) . This provides us with the composition of grains, which is assumed to be identical to that of planetesimals formed at the same location in the disc. This approach is obviously simplified, since the chemical composition of planetesimals is the one resulting from the condensation/trapping sequence of gases at the location of the grains, and we do not include the radial drift of both small icy grains and planetesimals. We describe each part of this study below, providing physical assumptions.
Model of disc accretion
The model of disc evolution used in this work is described in Alibert et al. (2005, 2013) . We provide hereafter a simple description of this model. It allows us to determine the values of the temperature T (r, z), pressure P(r, z), and surface density Σ(T, P, r, z) of the disc for different distances r to the star (between 0.04 AU and 30 AU, i.e. the comet and planet formation zones), z-vertical axis, and for different turbulent viscosities ν(r, z) of the disc. The most important parameter for the evolution of T (r, z), P(r, z), and Σ(T, P, r, z) is ν(r, z). Following Shakura & Sunyaev (1973) , the turbulent viscosity ν is expressed in terms of Keplerian rotation frequency Ω and sound velocity C s , as ν = αC 2 s Ω 2 , where α is a parameter characterizing the turbulence in the disc.
The model computes the vertical structure at a given radial distance r from the star by solving a system of three equations describing the hydrostatic equilibrium, the energy conservation, and the radiative flux (see Sect. 2.1.1 in Alibert et al. 2005) . By integrating the pressure, temperature, and surface density on the z-axis of each radial distance r from the disc surface H to the midplane disc, this provides the radial temperature T (r), pressure P(r), and surface density Σ(T, P, r) in the midplane of the disc for each distance r to the star.
At the beginning of the planet formation process (see paper 3, and Alibert et al. 2005 Alibert et al. , 2013 ), the gas disc surface density profile Σ(r) is given by using the following relation (see Eq. (20) in Alibert et al. 2013) ,
where r is the distance to the star (in AU), a 0 is equal to 5.2 AU, a core is the characteristic scaling radius (in AU), γ is the density slope, and Σ 0 (g.cm −2 ) the surface density of the disc at 5.2 AU defined as
The values for a core , γ, and M disc vary for every disc (see Table 4 in paper 1).
The knowledge of Σ(r) allows us to determine the pressure P(r) and temperature T (r) in the disc at the end of condensation/trapping process. We use two approaches. The first considers that the disc is not irradiated (hereafter non-irradiated model). In this case, the temperature of the surface of the disc is T s = T b , where T b is the background temperature, and only the viscous accretion determines the thermodynamic properties of the disc. The second considers that the disc is fully irradiated by the star (hereafter irradiated model). In this case, both the radiation and viscous accretion determine the thermodynamic properties of the disc. The effect of the irradiation by the central star is modelled by modifying the temperature boundary condition at the disc surface (see Fouchet et al. 2012 ). This temperature is set to T 
where R * is the stellar radius and H P is the pressure scale height (see Fouchet et al. 2012 for more details). The first term on the right corresponds to the flux that would be intercepted by a flat disc, the second term is the contribution of the flaring of the disc to the stellar flux absorption. We note that this irradiated model does not take into account all physical processes such as the absorption and scattering effects of the incident flux, and the absorpbion and re-radiation of the flux in the disc. Therefore, the irradiation effect at the mid-plane is maximum for this model (see Fouchet et al. 2012 ). Moreover, if the effect of grain growth and settling towards the disc mid-plane were taken into account, the temperature should decrease (e.g. D'Alessio et al. 2001; Dullemond & Dominik 2004) . In addition, possible shadowing effect could work and the dust temperature should decrease. Ideally, all these effects should be taken into account in the disc but the irradiated (unrealistically hot) and non-irradiated (unrealistically cold) models represent two extreme cases and allow us to frame the thermodynamic conditions of ice formation in the cooling disc and migration of planets (see paper 3) for the two extremes of hot and cold conditions.
Model of gas condensation and gas trapping
The chemical composition of volatile molecules incorporated in icy grains and later in icy planetesimals, is determined by both the process of condensation and the process of gas trapping in water ice (hereafter clathrate formation) on the surface of refractory grains during the cooling of the stellar nebula. Clathrates are crystalline solids composed of water and gas that can be formed during the cooling of the stellar nebula only if water molecules are already condensed at higher temperature (≈ 150-170 K). The water molecule structure is then organized in the form of cages which are stabilized by the inclusion of gas molecules ( H 2 O). Each cage contains a single gas molecule trapped because of van der Waals interactions.
The thermodynamic conditions of gas condensation/trapping (resp. ice/clathrate formation) are determined by the partial pressure of volatile molecules in the gas phase, and the temperature of the disc. The process by which volatile molecules are condensed and/or trapped in clathrates is described as follows (see fig. 1 ). At a given distance r from the star, the total pressure P tot (r) of the gas phase in the midplane of the disc, its temperature T (r), and its surface density Σ(T, P, r) decrease with time. By decreasing, the partial pressure P x of the species x in the gas phase can become lower than the equilibrium pressure P s x of condensation (respectively P cl x for clathrate formation). At this time, the species x is assumed to be condensed (respectively trapped) at the surface of the refractory grains in the disc. The mass ratio Schematic view of the process of gas condensation or trapping in the disc. The nearly horizontal line is the stability curve of pure condensate or clathrate of the species x. The nearly vertical line is the cooling curve of the protoplanetary disc (the evolution of the disc proceeds from high to low temperatures). Above the stability, the gas species remains in the gas phase of the disc. Below, the dashed area corresponds to the area of stability of ices or clathrates (area of gas condensation or trapping in water ice).
Γ g x (r) of the species x relative to H 2 O (the first volatile molecule to condense in the disc) in icy grains (and therefore, following our assumptions, in icy planetesimals), at the distance r from the star can be determined by the relation given by Mousis & Gautier (2004) ,
where Y x and Y H 2 O are, respectively, the mass ratio of the volatile molecules x and H 2 O relative to H 2 in the protoplanetary disc during their condensation/trapping at the surface of refractory grains; Σ(T x , P x , r) and Σ(T H 2 O , P H 2 O , r) are, respectively, the surface densities of the disc at r when the volatile molecules x ( of H 2 O) and H 2 O are condensed or trapped. A given species x is never condensed (respectively trapped) on the surface of refractory grains as long as its partial pressure P x remains greater than the equilibrium pressure P s x of condensation (respectively P cl x for clathrate formation) at a given distance r to the star. In this case, the volatile molecule will not be subsequently incorporated in planetesimals. This situation always happens near the star where the temperature/pressure is always larger than the temperature/pressure of condensation of H 2 O (≈ 150-170 K).
In the case of clathrate formation, another condition must be fulfilled: the process stops when no more crystalline water ice is available to trap gases. Indeed, the trapping of gases in cages of clathrate structure requires a large quantity of water (around six molecules of water are used in order to capture one molecule of gas; see the hydrate number n hyd defined in Sect. 3.4). It can therefore happen that a species x is only partially trapped, the rest being condensed (at lower temperatures) as pure ice as soon as the disc becomes sufficiently cold with time. We note that if a planetesimal does not contain H 2 O molecules, other volatile molecules are not incorporated in these objects (Γ x (r) = 0) as they condense or are trapped at lower temperature during the cooling of the stellar nebula.
3. Physical assumptions and parameters adopted in models 3.1. Species considered in the stellar nebula
In this paper, we focus the study on the volatile components of the stellar nebula. We assume that all volatile molecules are composed of H, O, C, N, and S atoms in solar abundances (Lodders 2003 ). The gas-phase composition is determined by taking into account both refractory and volatile components. Refractory elements include both mineral and organic elements (see paper 1 for details ) during the cooling of the stellar nebula.
Complex organic refractory components have also been discovered in comets and meteorites. The spacecraft investigations of the comet 1P/Halley revealed the presence of organic refractory grains (Kissel et al. 1986a,b; Jessberger et al. 1988 ) known today as CHON-PS for their carbon, hydrogen, oxygen, nitrogen, phosphorus and sulfur content. From Halley observations, Jessberger et al. (1988) determined the relative proportion of atoms C, O, and N included in refractory organic compounds. The carbonaceous chondrites, incorporated in meteorites, contain a small percent of carbon and some of them exhibit a large variety of organic compounds (Cronin et al. 1993) .
From these observations and studies, it is natural to search if organic compounds, observed in small bodies of the solar system, have been formed in ISM or during the cooling of the solar nebula from gas volatile molecules, and could have been incorporated unaltered into comets, or if they have been formed from species condensed (or trapped) as ices (or refractories), and subsequently formed within these objects during their thermal evolution around the Sun (Mumma & Charnley 2011 ).
The answer is currently not trivial and we decide in this paper to study two extremes cases: • 1) model with refractory organic -The first considers that organic compounds formed in ISM remain unaltered during the collapse of the molecular cloud and the cooling of the stellar nebula. In this case, we assume that refractory organics are initially present in the gas phase of the protoplanetary disc 1 . The O, C, N, and S atoms are shared between rocks, refractory organic and volatile molecules in ISM as follow: 26% of the total oxygen in the nebula is devoted to rocks (Lodders 2003) ; the fractional abundance of organic carbon is assumed to be 60% ± 15% of the total carbon in molecular clouds (Pollack et al. 1994 ; Sekine et al. 2005) ; and the relative proportion of C:O:N included in refractory organics is supposed to be 1:0.5:0.12 (Jessberger et al. 1988; Pollack et al. 1994; Sekine et al. 2005 ). The remaining of atoms O, C, N, and S are part of volatile molecules.
• 2) model without refractory organic -The second case considers that refractory organics compounds are destroyed during the collapse of the molecular cloud. Atoms O, C, N, and S are shared only between rocks and volatile molecules in ISM, organic compounds being formed during the thermal evolution of ices in the solar system. In this last case, only 26% of the total oxygen in the nebula is devoted to rocks (Lodders 2003) . The remaining atoms O, C, N, and S are devoted to volatile molecules. Table 1 provides solar abundances of the O, C, N, and S atoms relative to H 2 and their repartition between rocks, organics, and volatile molecules for both models. For refractory components, the reader is referred to paper 1.
Choice of chemical species and their abundances in ISM
The ISM is composed mostly of hydrogen and helium gas (74 % and 25 % in mass, respectively) with a trace of heavier elements (1 % in mass) (White 2010 CO ice is largely observed in molecular clouds. Depending on the density and temperature of clouds, it is partially distributed between the gas phase of the molecular cloud and the ices at the surface of refractory grains (Dartois 1998; Gibb et al. 2004 Pontoppidan et al. 2008) , this molecule remains mainly in the gas phase of molecular clouds (Dartois 2009 ), while the CO 2 and H 2 O molecules are mainly condensed at the surface of refractory grains (Bergin et al. 1995) . Hence, the gas to ice ratios of H 2 O and CO 2 can reach, respectively, 0.18 and 0.04, although although the CO ratio can reach a factor of 3-4 (Dartois 1998 4 has similar abundance in all the sources for which data are available (Gibb et al. 2000) . Indeed, its abundance in cometary ices shows some similarities with interstellar and protostellar ices (Gibb et al. 2000) . Moreover, for a large sample of low-mass YSOs, the solid CH 4 Since N is an abundant cosmic element and N 2 is a stable molecule, the latter should be present in ISM, but its abundance remains difficult to constrain because it is inactive in the infrared (Dartois 2005) . Here, we adopt a N 2 :NH 3 ratio of 1:1, a value compatible with thermo-chemical models of the solar nebula (Lewis & Prinn 1980) . S is assumed to exist only in the form of H 2 S. The abundance of this molecule varies by an order of magnitude between 0.3 and 4 for quiescent dense clouds and massive protostars (Mumma & Charnley 2011 (Gibb et al. 2004 ). Considering the contributions of CO in both ice and gas phases, we also adopt the CO:CO 2 ratio of 1:1 and 5:1 in our model as minimum (hereafter poor CO model) and maximum (hereafter rich CO model) values. These values are consistent with the ISM measurements considering the contributions of both gas and ice phases (Mumma & Charnley 2011) . This leads to H 2 O:CO ratios of 5:1 (resp. CO:CO 2 =1:1) and 1:1 (resp. CO:CO 2 =5:1).
Knowing the abundance of the volatile molecules CH 3 OH, CH 4 , CO 2 , CO, N 2 , NH 3 , and H 2 S relative to H 2 O (see Table 2 ), and the repartition of the O, C, N, and S atoms between rocks, refractory organics, and gas species in the ISM (see Table 1 ), we can infer the amount of H 2 O by using the equation
here χ is defined as
where the ratios of molar abundances of volatile molecules x to H 2 O (X:H 2 O) and to all the ices (X:Ices) are given in Table 2 ; ξ v is the sum of the abundances of O, C, N, and S atoms incorporated in volatile molecules and defined as
where ξ, ξ m , and ξ o are the sum of the abundances of the O, C, N, and S atoms in solar nebula (including volatile molecules, refractory organic compounds and minerals), in minerals and in refractory organic compounds, respectively. The repartition of atoms between volatile molecules, organics, and refractory elements is given in Table 1 .
For both rich (CO:CO 2 =5:1) and poor (CO:CO 2 =1:1) CO models, the amount of H 2 O in ices represents respectively 56% and 39% (in mol) of ices (the sum of H 2 O, CO, CO 2 , CH 3 OH, CH 4 , N 2 , NH 3 , and H 2 S) incorporated in grains. The increase in the carbon species CO induces the decrease in H 2 O in ices. This leads to differences in the abundances of each volatile component (relative to ices). For the first assumed chemical composition (CO:CO 2 =1:1), CO and CO 2 represent the second most abundant molecules with an abundance of 11% (in mol) relative to ices for each of them. For the second assumed chemical composition (CO:CO 2 =5:1), CO and CO 2 represent respectively 39% and ≈8% (in mol) of all volatile molecules. 3 , and H 2 S relative to ices (the sum of these species) in the molecular cloud (ISM). Model with CO:CO 2 = 1:1 and 5:1.
Gas phase chemistry in the disc
Protoplanetary discs are the intermediate step between the cloud collapse stage and the planetary system stage. The chemical and physical properties of discs provide the initial conditions for planet formation. Both radiation from the central star and viscous accretion are the main sources of energy, dominating disc physics and chemistry . In this study, we assume that the temperature of the stellar nebula (after the collapse of the molecular cloud) is high enough everywhere, and for all initial masses of discs, to sublimate all ISM ices within 0 -30 AU, the zone of formation of comets and planets. Thus, similarly to the case of the solar nebula (Mousis et al. 2002) , the gas-phase abundance of volatile molecules in the disc derives directly from the abundance in the ISM discussed in Sect. 3.2. This assumption raises the question of how the volatile molecules originally formed in ISM can survive in a hot and energetic protostellar nebula chemistry. Hereafter, we discuss some of the possible chemical processes that can modify the relative abundance of species in the disc. Indeed, the ISM material could undergo chemical modification during the collapse and accretion phase of protostellar evolution (Mumma & Charnley 2011 ). Depending upon where and when this material enters the disc, any interstellar signatures may be completely lost or largely retained ( . Surface of protoplanetary discs are irradiated by UV and X-ray photons from the central star as well as UV photons and cosmic rays originating from the interstellar medium. These radiation play an important role in the chemistry and thermal balance of the disc ). Molecules and atoms are altered at the surface and in the intermediate layers of discs by chemical and physical processes such as heating and thermochemical reactions, UV photochemistry, X-ray ionization, neutral and ion-molecule chemistry, and physical mixing or dilution with/by other nebular materials. As the radiation is attenuated through optical depth and/or distance, the gas becomes cooler in the midplane (colder region) of the disc. In this last area, molecules are probably altered by gas-grain chemistry. However, as discussed by Ciesla & Charnley (2006) , the mechanisms, reaction rates, and pathways in many of the proposed interstellar schemes are highly uncertain. Hence, detailed conclusions derived from disc chemistry models that are strongly dependent on surface chemistry should be regarded with caution (Ciesla & Charnley 2006) . In this work, we assume that the gas-grain chemistry does not occur during and after the cooling of the disc.
The total H 2 O, CO, and N 2 abundances (by considering gas and ice phases) do not change significantly during the postcollapse phase, while the total CH 4 and NH 3 abundances change by more than two orders of magnitude in a large part of the disc (Visser et al. 2011 ). There are two areas in the disc where the abundances of all species remain nearly constant: near the surface out to 10 AU, and at the midplane between 5 AU and 25 AU. The chemistry in the first area is dominated by fast photoprocesses. The second area, near the midplane, is the densest part of the disc and therefore has high collision frequencies. In both cases, the chemical timescales are short and the chemistry reaches equilibrium during the final stages of accretion (Visser et al. 2011 ).
The main carbon reservoir is CO. This molecule is very stable and its chemistry is straightforward. The bulk of the CO is situated in the optically thick part of the disc, and the total CO gas mass does not change when varying the FUV (farultraviolet) and X-ray radiation field ). CO 
does not undergo any processing except the evaporation process in the collapse phase of the nebula (Visser et al. 2011) . During the remaining part of the infall trajectory of volatile species in the disc, the main carbon species are all largely converted into CO, excepted CH 4 whose abundance is well coupled with CO in the disc (Visser et al. 2011 ). The only major chemical event for this molecule is the evaporation during the initial warm-up of the disc. It is never photodissociated or never reacts significantly with other species (Visser et al. 2011 ). The distribution of CO 2 is similar to that of CO in the inner disc, existing only in the midplane with a maximum value of 10 −4 within a few AU of the star (Walsh et al. 2010) . Beyond this radius, its abundance decreases significantly. H 2 O is not stable to both FUV and X-rays ) at the surface of protoplanetary discs. This molecule evaporates and is photodissociated. However, as shown in Visser et al. (2011) , this area represents less than 7% of the total mass of the disc, and the total (by considering gas and ice phases) H 2 O abundance does not change significantly. Prinn & Fegley (1981 , 1989 ), Lewis & Prinn (1980) , Mousis et al. (2002) , and Talbi & Herbst (2002) determined that the amount of carbon species CO, CO 2 , and CH 4 produced and lost through chemical reactions in a gas dominated by H 2 (see Eqs. 8 and 9 below) within protoplanetary discs is negligible, except at distances quite close to the star, from which no ices finally incorporated in planets originate :
The authors found that the initial CO:CO 2 and CO:CH 4 ratio in the disc are little affected throughout the solar nebula, except quite close to the star. As a result, the amount of carbon species produced through this reaction is not significant during the whole lifetime of the protoplanetary discs. The evolution of N 2 in the disc parallels that of CO, because they have similar binding energies and are both very stable molecules (Bisschop et al. 2006 ); they show no significant change in abundance across the inner 30 AU of the disc below the surface photodissociation layer. The evolution of NH 3 shows a lot more variation (Visser et al. 2011 ). This molecule does not survive in the surface layers where it is quickly destroyed by reaction with abundant CN, producing HCN. NH 3 only exists in regions shielded from UV radiation (Willacy and Woods 2009). The study of the chemical reaction linking N 2 and NH 3 in a gas dominated by H 2 in the disc (see reaction Eq. 10 below and Lewis & Prinn 1980 for details) shows that, due to kinetic effects, a reduction of the abundance of N 2 of more than 1% is unlikely over the lifetime of the nebula :
As a result, we assume that the abundances of nitrogen species adopted in the ISM remains the same in the gas phase of the disc. The surface density of the stellar nebula in the model still remains higher than 50 g.cm −2 in the area of condensation/trapping of gas species at the surface of grains (in the midplane of the disc). So, we assume in our study that changes of abundances of species due to FUV and X-ray radiation field are negligible.
To summarize, the aforementioned studies show that chemical reactions are not likely to change the abundance of volatile molecules in the disc, except for some species such as NH 3 and CH 3 OH. Note also that all the volatile molecules (H 2 O, CO 2 , CH 4 , H 2 S, NH 3 , and CH 3 OH) except CO and N 2 are easily destroyed in the gas-phase by reactions with ions near surface layers of the disc in 10 AU (see Visser et al. 2011 ), and does not keep high abundances once they are evaporated from grains (Doty et al. 2002; Nomura & Millar 2004) . However, grain surface reactions in the disc will recover the loss, and the abundances of volatile molecules in ice may not be very different from those adopted in this study. We also assume that the abundance of all species in the gas phase of the midplane in the disc (therefore prior to the condensation), are the same as the ones in the ISM. We note that this assumption is consistent with the chemical composition of comets in the solar system, which is qualitatively and, in many cases, quantitatively consistent with the one determined for the major components of astronomical ices (see e.g. 
Thermodynamics parameters of condensation and clathrate formation
The model for computation of the chemical composition of ices formed during the cooling of the stellar nebula takes into account both processes of condensation (ice formation) and trapping (clathrate formation) of volatile molecules x. The thermodynamic conditions for condensation of volatile molecules x ( of H 2 O) at the surface of refractory grains are given by the saturation equilibrium pressure P s x ,
where P s x is expressed in bar and T in K; A i are constants and their values are given in Table 3 . These values are taken from the compilation of Fray & Schmitt (2009) . For H 2 O, the saturation equilibrium pressure adopted is
where T t (273.16K) and P t (6.11657.10 −3 bar) are, respectively, the temperature and pressure at the triple point for H 2 O and η expressed as
where the e i coefficients are given in Table 4 . The formation of clathrates at the surface of icy grains occurs by gas-water ice interaction. This process can generate a chemical composition of icy planetesimals that differ significantly from models without clathrate formation since this structure selectively traps some gases (see papers of Van Shin et al. 2012 ). However, one study has shown that ammonia can form clathrates and participate synergistically in the formation of the cages in the presence of methane gas at low temperature (Shin et al. 2012 ), but the conditions under which clathrates are formed remains unclear and no experimental data allowing us to determine the conditions of formation of the NH 3 clathrate has been reported in the literature. So, in this work, it is assumed that NH 3 does not form a clathrate hydrate but rather a stoichiometric monohydrate (NH 3 -H 2 O).
Clathrates can exist mainly under two types of structure called structure I (SI) and structure II (SII) that contain two types of cavities (small and large) whose number, size, and hydrate number n hyd (mean number of water molecule per molecule of trapped species) differ and depend on the size of the trapped molecules (see Sloan & Koh 2008; Gabitto & Tsouris 2010 for a review). The hydrate number n hyd therefore provides the average number of H 2 O molecules needed to form cages around each gas species x trapped,
where N hyd H 2 O is the number of water molecules forming the bulk clathrate structure and N hyd x the number of gas molecules trapped inside. Four of these five molecules (CO, CH 4 hyd are closer to 6 with some empty cavities. Since it is currently impossible to determine the real occupancy of the cages in the thermodynamic conditions of the cooling of the stellar nebula, we therefore fix the hydrate number n hyd to 6 whatever the gas molecule trapped and clathrate type structure (SI or SII).
A&A proofs: manuscript no. marboeuf_planetesimals Table 3 . Parameters of the equilibrium curves of condensation of ices on refractory grains used in Eq. (11 The physical conditions for the formation of cages of clathrates by trapping gas species x are given by the equilibrium pressure P cl x ,
where P cl x is expressed in Pa and T in K. A 0 and A 1 are constant and their values are given in Table 5 .
Considering only the thermodynamic conditions of clathrate formation implies that the kinetics of their formation is fast enough compared to the cooling time of the disc. The kinetic conditions of clathrate formation from crystalline water ice and gas species x are, however, poorly constrained at low temperature and very few values exist only for CO 2 . The physical parameters that may affect the kinetics are multiple: temperature, total pressure of the gas, activity of the water ice surface (mobility of water molecules), type of volatile molecule trapped, thickness of clathrate formed, and thermal history (Schmitt 1986 ). Since it is currently impossible to determine the kinetic feasibility of the formation of clathrates in the thermodynamic conditions of the cooling of the stellar nebula, we examine two extreme processes of ice formation: the first assumes that clathrate formation is not possible and all volatile molecules condense only as pure ices on the surface of refractory grains; the second assumes that clathrate formation occurs during the cooling of the stellar nebula following the thermodynamic conditions. In the second case, we consider that all water molecules of the ice mantle around refractory grains can interact with volatile molecules of the gas phase in the stellar nebula to form clathrates. The clathration process stops therefore when no more H 2 O molecules of the crystalline ice are available to trap volatile species x.
Once formed, we assume that the composition of ice is not altered by gas-grain chemistry in the disc (Willacy & Woods 2009) ; in general, all of the physical changes that could occur during the post-cooling phase are not taken into account in this study.
Chemical composition of icy planetesimals
We emphasize that we only study the abundances of volatile molecules incorporated in planetesimals. For refractory compo- nents, the reader is referred to paper 1. We apply 16 different initial physico-chemical conditions to several types of discs in order to determine all the possible physico-chemical compositions of planetesimals: we vary the chemical composition of the disc (see Table 2 ), and study extreme assumptions on physical processes and thermodynamic conditions by taking into account, or not, the formation of clathrates, refractory organics, and the radiation in the disc. We focus on the chemical composition of ices incorporated in planetesimals as a function of the distance to the star. The process by which volatile molecules are condensed/trapped in icy planetesimals is illustrated in figures 3 and 5. It is calculated using the stability curves of hydrates, clathrates, and pure condensates (horizontal lines), and the evolutionary tracks (vertical lines) giving the evolution of temperature and pressure of the protoplanetary disc between 0.04 AU and 30 AU (see sects. 2.2 and 3.4 for details), for irradiated (grey lines) and non-irradiated (black lines) discs. The drop in the cooling curve for the irradiated disc is due to the decrease in the surface density with time: it corresponds to the transition between a thick disc and a thin one. The thermodynamic conditions of the condensation and clathrate formation of volatile molecules are determined by the intersection of the stability curve (horizontal lines) with the thermodynamic path of the nebula (cooling curve, vertical lines) calculated at a given distance to the star, from 0.04 AU to 30 AU : a species is condensed/trapped when its equilibrium pressure P s x /P cl x is lower than or equal to its partial pressure (total pressure of the disc times the abundance of the species in the disc) in the gas phase of the disc.
Whatever the chemical composition and model adopted, H 2 O is the first volatile molecule to condense in the disc. For models without clathrate formation, we assume that H 2 O molecules are not free to form cages of clathrates, or, equivalently, that the formation of clathrate is kinetically unfavourable. In this case, other volatile molecules condense as pure ices as soon as the temperature of the disc is low enough (see Fig. 3 ) at a given distance r 3 . After H 2 O, chemical species condense in the following order: CH 3 OH, NH 3 , CO 2 , H 2 S, CH 4 , CO, and N 2 as soon as the disc is cool enough at the position r.
We note that NH 3 does not form stoichiometric hemihydrates and/or monohydrates (NH 3 -H 2 O), but rather a pure condensate whatever the distance to the star, and whatever the chemical composition adopted. This result is in contrast with previous works ( ) that consider the formation of monohydrate NH 3 -H 2 O in solar nebula, and is due both to the abundance of NH 3 adopted in the gas phase of the protoplanetary disc, and to the adoption of a new equilibrium pressure law of condensation of the molecule NH 3 (see Table 3 ) described in Fray & Schmitt (2009) . Indeed, the old relation used by other authors overestimates the stability pressure at a given temperature (see Fig. 4 ). However, NH 3 can still form a stoichiometric hemihydrate and/or monohydrate once the elements have been condensed, but its abundance in the disc is given by the thermodynamic conditions of condensation. For models with clathrate formation, we assume that H 2 O molecules at the surface of icy grains can form cages of clathrate structure during the cooling of the stellar nebula. In this case, only H 2 S, CH 4 , CO, and N 2 molecules are trapped in cages before their condensation at lower temperature (see Fig. 5 ). CO and N 2 can be both trapped (in water ice structure) and condensed at the surface of grains. N 2 is trapped in 3 Remember that the final temperature of the disc is known from the calculation of the final surface density profile Σ(r) by using Eq. clathrates for the poor CO (CO:CO 2 = 1:1) model but does not form clathrates for the rich CO (CO:CO 2 = 5:1) model : with the increase in the CO abundance, the amount of H 2 O molecules free to trap N 2 in clathrates decreases because of CO clathrate formation at higher temperature. When H 2 O molecules are no longer available to trap the volatile species x (H 2 S, CH 4 , CO, and N 2 ), the clathrate formation process is stopped and the rest of the volatile molecule (mainly CO and/or N 2 ) condenses at lower temperature as pure ices as soon as the temperature of the disc at a given position r is low enough.
The particularity of clathrates is to trap species at higher temperature and pressure, and closer to the star than the process of condensation of pure ices. The above discussion on the trapping/condensation of species on grains assumes that the temperature of the disc reaches very low values. However, the temperature in the inner part of the disc at the time of planetesimal formation (when, in our model, the composition of planetesimal is frozen) can reach values high enough to prevent condensation and/or the formation of clathrates for all or several chemical species. In this case, the condensation and trapping of volatile molecules in the disc is stopped somewhere along the cooling curve at a given distance r to the star. This is particularly true for the irradiated model that always shows temperatures higher than 30 K within the disc radius of 30 AU : in this model, only clathrates allow CO, N 2 , and CH 4 to be trapped in planetesimals (see Sect. 4.3). In the irradiated models (grey cooling curves), species are condensed/trapped at lower pressure than non-irradiated models (black cooling curves; see Figures 3 and 5).
Ice line positions
For each volatile molecule, an ice line is formed during the cooling of the stellar nebula (see Fig.6 ). The ice line represents the distance from the central star beyond which volatile molecules are in solid phase (ices). It corresponds to the region in the protoplanetary disc where the temperature is low enough to alArticle number, page 9 of 21 low condensation of volatile molecules and/or their trapping as clathrates, and their incorporation in planetesimals. Figure 6 presents the ice line position (when condensation occurs) and clathrate line position (when clathrate formation occurs) of volatile molecules as a function of the surface density Σ 0 (g cm −2 ) of the disc at 5.2 AU (varying from 3 g cm −2 to about 700 g cm −2 ), and the density slope γ (varying from 0.4 to 1.1), for irradiated and non-irradiated discs, both with and without clathrate formation. Between the star and the ice/clathrate line, the volatile molecule is in the gas phase. Beyond the ice/clathrate line, the volatile species is in solid/trapped state (ice). The positions of ice/clathrate line remain valid (with slight changes) whatever the abundance of species in the disc. Whatever the disc model and physical conditions considered during its cooling, the less volatile species H 2 O, CH 3 OH, and NH 3 are always the first three species to condense, and the species CH 4 , CO, and N 2 the last three to condense/be trapped, as soon as the temperature is low enough. Now we discuss the position of ice lines as a function of physical assumptions considered in the model, especially for irradiated and non-irradiated discs, and clathrate formation of species.
Non-irradiated dics:
In this model, we do not consider irradiation from the central star as a source of heating. The ice line positions r ice (x) of all the species vary approximately from 0 AU to 5-10 AU as a function of γ Σ 0 . The less volatile molecules vary approximately in the ranges 0.06-7 AU for H 2 O, CH 3 OH, , NH 3 , CO 2 , and H 2 S. Highly volatile species CH 4 , CO, and N 2 have ice lines position that vary in the ranges 0.9-10 AU. The very low value of ice line position (0.06 AU) corresponds to a disc with a low surface density Σ 0 of 3 g cm −2 . As the disc is non-irradiated, its temperature is underestimated in the central parts, especially below 1 AU where the irradiated disc model is physically more appropriate. If the clathrate formation kinetics is favourable in the disc, the formation of clathrates at the surface of grains allows the species H 2 S, CH 4 , CO, and N 2 to be trapped in water ice before their condensation as pure ice and nearer to the star (up to 1 AU). This means that the abundances of trapped species in planetesimals are higher than the corresponding model with only pure ice condensation (see Sect. 4.3).
From our results (see Fig. 6 ), we find a power-law relation that fits the ice/clathrate line position r ice (x) for each species x in non-irradiated models,
where Σ 0 (g.cm −2 ) is the surface density of the disc at 5.2 AU, γ the density slope; ν(T c ) and µ(T c ), given in Table 6 for each molecule x, are functions of the temperature of condensation/trapping T c of molecules in the disc. We note that ν(T c ) decreases with T c (the increasing volatility of molecules); ν(T c ) and µ(T c ) can both be expressed by the equation using T c at 1 AU (see Tables 6 and 7) ,
where X(T c ) represents ν(T c ) or µ(T c ), and the parameters a, b, and c are given in Table 7 .
The lower the surface density of the disc, the closer to the star is the ice line, simply because the temperature structure of the protoplanetary disc results from viscous heating, which is a growing function of the gas surface density (higher surface density discs are hotter). Interestingly enough, such a dependence is not necessarily found for passive discs, where the main source of heating is the irradiation from the central star, which does not depend on the gas surface density. In this case, the location of the ice lines would not depend only on the disc mass (see below and Fig. 6 ).
Irradiated dics: For the irradiated discs, the ice/clathrate line positions are all shifted farther from the star compared to nonirradiated models. The distance to the star is more important for all volatile molecules, especially for highly volatile species. Thus, if the ice line of H 2 O is farther of only about 0.5 AU from the star compared to the non-irradiated model, the ice line positions of highly volatile molecules CO, N 2 , and CH 4 show large dispersion as a function of γ Σ 0 , varying from 3 AU to more than 16 AU for models with clathrates. The irradiated model without clathrate formation never condenses the highly volatile species CH 4 , CO, and N 2 in the area of 30 AU around the star since the temperature never decreases below 30 K. The formation of clathrates in this case allows the species H 2 S, CH 4 , CO, and N 2 to be trapped in planetesimals. The difference with the non-irradiated discs comes from the temperature-pressure evolution of the disc (see Figs. 3 and 5). Figure 7 presents the temperature profile of irradiated (dashed grey lines) and nonirradiated (black lines) discs (both without clathrates) for two particular simulations (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9; and Σ 0 =502.52 g.cm −2 , a core =80, γ =0.9) as a function of the distance to the star. The coloured dots represent the temperature of condensation and the positions of ice lines of H 2 O, CH 3 OH, NH 3 , CO 2 , H 2 S, CH 4 , CO, and N 2 . As expected, the irradiated model presents higher temperatures (and pressure) of the disc for the same distance to the star, and hence gas condensation and/or gas trapping occur far away from the star compared to the nonirradiated discs.
The interpolation of the data of ice/clathrate line positions is somewhat difficult for the irradiated discs. We determine two different relations to fit the ice/clathrate line position r ice (x) of the less volatile species H 2 O, CH 3 OH, NH 3 , CO 2 , and H 2 S. The ice/clathrate line positions of volatile molecules H 2 O, CH 3 OH, NH 3 , and H 2 S -6 H 2 O can be fitted by a power law (similar to the one in Eq. 16):
CO 2 and H 2 S species are fitted by a logarithmic law,
where a, b, and c are given in Table 8 for the two equations. The clathrate line positions of highly volatile species CH 4 , CO, and N 2 are too spatially dispersed as a function of γ Σ 0 to find a simple law. This means that the locations of ice lines do not depend only on the disc mass of highly volatile species.
Ice/rock mass ratio
The existence of the ice/clathrate lines in protoplanetary discs induces a chemical differentiation of the discs as a function of the distance to the star. Future planetesimals formed in the discs will be enriched or depleted in volatile molecules following the position of their formation and growth before or after the different ice/clathrate lines. As a result, the ice mass fraction relative to the total mass of condensed elements (resp. ice/rock mass ratio, with rock = minerals + refractory organics) in planetesimals changes as a function of their relative position to the ice/clathrate lines. Figures 8 and 9 present, respectively, ice and refractory organics mass fractions relative to the total mass of Non-irradiated Irradiated
Distance to the star (AU) condensed elements (the sum of ices, minerals, and refractory organics), and the ice/rock mass ratio as a function of the distance to the star, for one particular simulation (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9) and for non-irradiated (upper panel) and irradiated (lower panel) models, including chemical variations (CO:CO 2 molar ratio, refractory organics, and clathrate formation).
Whatever the models, we observe a strong gradient in the ice-to-rock mass ratio with the distance from the star, especially near the H 2 O ice line position. The variations with the distance to the star of both the ice/all elements mass fraction and ice/rock mass ratio (see Figs. 8 and 9 ) are due to the positions of the ice line of each volatile molecule, H 2 O being the most abundant species. Whenever a gas condenses (or is trapped as clathrate), the solid surface density increases at the corresponding position in the protoplanetary disc. Considering all physico-chemical assumptions, the amount of ices incorporated in icy planetesimals (resp. the ice/rock mass ratio) beyond the snow line ranges A&A proofs: manuscript no. marboeuf_planetesimals from 10% to 60% (see Fig. 8 ) of their total mass (resp. from 0.1 to 1.5; see Fig. 9 ). The irradiated models (lower panels in Figs. 8 and 9 ) always show lower abundances of elements than the non-irradiated models, whatever the initial chemical composition of the disc before its cooling.
The ice/all elements mass fraction and ice/rock mass ratio in icy planetesimals vary as a function of several parameters:
• First, the mass fraction of elements varies mainly as a function of the assumption on both organic compounds and irradiation in the disc. Without refractory organics, the amount of ices included in planetesimals increases by a factor of about 1.5 compared to models with organics, whatever the irradiation in the disc. For these models, the mass fraction of refractory organics is at a minimum of ≈20 wt% (see Table 2 ). Following the area of formation of planetesimals in the disc (relative to the different ice line positions), the abundance of elements in icy planetesimals varies in the range 15-60 wt% (resp. 10-50 wt%) for ices, 20-30 wt% (resp. 20-30 wt%) for refractory organics, and 40-65 wt% (resp. 45-70 wt%) for minerals, for non-irradiated (resp. irradiated) models (see Fig. 8 ). The ice/rock mass ratio in planetesimals varies from 0.2 to 1.5 (resp. 0.1 to 1.1) for non-irradiated (resp. irradiated) models (see Fig. 9 ).
• Second, the ice/all elements mass fraction (resp. ice/rock mass ratio) included in icy planetesimals varies as a function of the composition of volatile molecules in the disc (CO:CO 2 molar ratio), the formation of clathrates (or not), and the distance to the star, from 1 AU to 30 AU. By increasing the fraction of carbon monoxide in the disc (CO:CO 2 = 5:1), the total amount of ices in the planetesimals decreases because of the lower temperature of condensation of CO compared to H 2 O. Figure 10 shows the depletion of volatile molecules in icy planetesimals (final) relative to the ISM (initial) for irradiated (lower panel) and non-irradiated (upper panel) discs as a function of the distance to the star. Compared to the initial amount of ices and gas in the ISM, the abundances of volatile molecules in ices of non-irradiated discs (upper panel) have decreased by ∼ 30-60% for the less volatile species such as H 2 O, CH 3 OH, NH 3 , CO 2 , and H 2 S, and by 70-90% for highly volatile species such as CH 4 , CO, and N 2 . For irradiated discs (lower panel) that represent more physical conditions near the star, these abundances decrease with higher amplitude, and vary even more with the distance to the star (up to several tens of %). This can be explained by the different profiles and evolutions of the temperature, pressure, and surface density in the disc as shown by figures 3, 5, and 7 which are due to different boundary conditions at the surface of the disc, the irradiation or not. For the less volatile species H 2 O, CH 3 OH, NH 3 , CO 2 , and H 2 S, the abundances decreases by 40-90%. For highly volatile molecules CH 4 , CO, and N 2 , the abundance can be 0 because the disc is too warm to allow the condensation of these species (but the conditions for their trapping in clathrates are met as soon as the temperature is low enough at a given distance r from the star). So, highly volatile species such as CO are highly depleted compared to less volatile molecules, especially for irradiated discs. Indeed, by increasing the fraction of CO in the chemical composition of the disc, the mass of ices incorporated in planetesimals decreases for all the models. This assumption is verified with Fig. 11 which shows the depletion of the sum of ices in planetesimals (final) relative to the pristine mass of gas and ices in the ISM (initial) as a function of the distance to the star, for all models. The rich CO model of the irradiated disc presents the higher depletion of ices after the cooling of the disc. Thus, compared to the ISM, the quantity of volatile molecules incorporated in icy planetesimals has decreased by about 40-50% (resp. 50-70%) for non-irradiated models assuming CO:CO 2 = 1:1 (resp. CO:CO 2 = 5:1). The amount decreases by about 60-80% (resp. 70-90%) for the irradiated model assuming CO:CO 2 = 1:1 (resp. CO:CO 2 = 5:1). The formation of clathrates (dashed line) induces a slight increase in the amount of ices in planetesimals, both for irradiated and non-irradiated models (see Figures 8 and 9 ). With clathrate formation, highly volatile molecules are trapped closer to the star and at temperatures higher than condensation of pure ices. This induces an increase in their abundance in ices, and so an increase in the amount species in planetesimals.
Finally, the ice/all elements mass fraction and ice/rock mass ratio in planetesimals are mainly a function of the amount of refractory organics, the location of the formation in the disc (radiation from the star, position relative to ice line positions) and the abundance of volatile molecules in the disc since it increases/decreases with lower/larger abundances of carbon species. Following these considerations, we find that the ice/rock mass ratio (resp. ice:all elements mass fraction) is mainly equal at 1±0.5 (resp. 45±15 wt%) in icy planetesimals without refractory organics, and 0.35±0.25 (resp. 30±10 wt%) for objects with refractory organics.
Chemical composition of ices
In this section, all molar ratios are relative to the total quantity of ices (the sum of H 2 O, CO, CO 2 , CH 3 OH, CH 4 , H 2 S, N 2 , and NH 3 molecules). The abundance of volatile molecules relative to ices changes with assumptions on the radiation in the disc, the CO:CO 2 ratio, the distance to the star with the position of the planetesimals relative to the different ice lines, and the occurrence, or not, of the formation of clathrates. However, the presence of refractory organics does not change the relative abundance of species x in planetesimals. So, the chemical composition given hereafter is valid with and without refractory organics. Figure 12 presents the molar ratio of H 2 O relative to all ices (the sum of all icy species X + H 2 O) for one particular simulation (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9) as a function of the distance to the star, and for non-irradiated (black lines) and irradiated (grey lines) models, both with (dashed lines) and without (solid lines) clathrates, including chemical variation (CO:CO 2 molar ratio). Figure 13 presents the same molar ratio for species A&A proofs: manuscript no. marboeuf_planetesimals X (X=CO, CO 2 , CH 4 , CH 3 OH, NH 3 , N 2 , and H 2 S) relative to all ices, for non-irradiated (upper panel) and irradiated (lower panel) models. Whatever the chemical composition of the disc (CO:CO 2 = 1:1 or 5:1), distance to the star (beyond the H 2 O ice line), and the assumption for clathrate formation (with or without), and radiation in the disc, H 2 O is the major volatile molecule in icy planetesimals (see Fig. 12 and Table 9 ). For all models, far away from the star (in the range 10-30 AU), the H 2 O-to-ices molar ratio ranges at minimum from ≈ 55 to ≈75%, and grow up to 100% near the star (water ice line position) with some variations (due to ice line positions of the other species) with the distance to the star. The irradiated model always contains larger abundances of H 2 O relative to other species but with continuous radial variations due to irradiation. The species H 2 O and CO are the only molecules whose molar ratio varies significantly with the distance to the star. The CO abundance in planetesimals is a function of the CO abundance assumed in the disc (CO:CO 2 =5:1 for rich CO models, and 1:1 for poor CO models) before the condensation/trapping of species. For rich CO and non-irradiated models, the CO abundance reaches about 22±2% in planetesimals. For poor CO models, it decreases at 6±2%. Variations are due to the position of planetesimals in the disc. When clathrate formation occurs, the molar fraction of CO increases by only a small percent (1-2%) in planetesimals. Irradiated model presents lower abundances everywhere in the disc with a strong radial variation. The X-to-ices molar ratios of the less volatile species CO 2 , CH 3 OH, NH 3 , and H 2 S change poorly with the distance to the star, except for CO 2 in the irradiated model which presents a strong gradient with the distance to the star. In non-irradiated models, their abundances are roughly equal to 10±1% for CO 2 , 10±2% for CH 3 OH, 3.5% and ≈1% respectively for NH 3 and H 2 S. In irradiated models, their abundances are always a few percentage points lower with radial variations and shift compared to non-irradiated models. The irradiated model presents a gradient of abundances of species in grains with the distance to the star. Considering all the non-irradiated models, the CH 4 -to-ices molar ratio is equal at ≈2% in planetesimals and the N 2 -to-ices molar ratio is 1.5±0.5%. In irradiated models, the abundance of highly volatile species CH 4 , CO, and N 2 are less than 1% because the temperature never decreases below 30 K. Remember that the irradiated disc is more appropriate to model the hot surface layers and areas near the star. Only the formation of clathrates allows highly volatile species to be trapped in grains. Finally, the dominant carbon-bearing species are either CO (rich CO model), or CO 2 and CH 3 OH (poor CO model). The dominant nitrogen species is NH 3 , the NH 3 :N 2 molar ratio varying from 2 to 4. Figure 14 presents the minimum (dark area) and maximum (light area) molar ratio of species x (except H 2 O) relative to ices (the sum of H 2 O, CO, CO 2 , CH 3 OH, CH 4 , NH 3 , N 2 , and H 2 S) in icy planetesimals, for all models. Figures 15 and 16 present the average molar ratio of all species x relative to ices in icy planetesimals, respectively for all non-irradiated and irradiated models, as a function of the initial chemical composition rich CO and poor CO models. Table 9 presented in Table 9 and Fig. 14 remains valid only for bodies located beyond all the ice lines, since they incorporate all species. For bodies located between the H 2 O ice line and the N 2 ice line, the abundance of species relative to ices changes with the distance to the star (position of bodies relative to the different ice lines). Only the abundance relative to H 2 O (given in Table 9 and Abundances of atoms O and C, and C:O ratio in ices We provide the abundances of O and C atoms in ices incorporated in planetesimals relative respectively to total O and C atoms (including minerals, refractory organics and volatile molecules, see Table 10 ). Figure 17 shows the ratio of O ices atoms in ices relative to the O all atoms in all solid components of grains, for one particular simulation (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9), as a function of the distance to the star, and for non-irradiated (full lines) and irradiated (dashed lines) models, including chemical variation (CO:CO 2 molar ratio), and with (blue lines) and without (black lines) refractory organics. Planetesimals without refractory organics show higher ratios than models with. The oxygen in ices can represent up to ≈ 75% of all the oxygen in the planetesimal far away from the star. Near the star, in irradiated area of discs, it decreases to ≈ 50%. Models with refractory organics show ratios from 25% near the star (irradiated area of discs) to 55% far away from the star (non-irradiated are of discs). Taking into account all distances to the star and physicochemical conditions, ices incorporate approximately 55±20% of total O atoms in planetesimals (including minerals, organics and volatile molecules). Figure 18 presents the ratio of atoms C ices in ices relative to atoms C all in all solid components of grains, for one particular simulation (Σ 0 =95.844 g.cm bon is in the ices. In this case, the fraction is 1. With refractory organics, the ratio is approximately 30±10 % for non-irradiated models. It decreases to about 15±10% for irradiated models. Figure 19 shows the molar ratio C:O in ices (left scale) and its deviation relative to the solar abundance (right scale), for one particular simulation (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9), as a function of the distance to the star, and for non-irradiated and irradiated models, including chemical variation (CO:CO 2 molar ratio), and with and without clathrates. Remember that the C:O molar ratio in the early stellar system (solar system composition) is about 0.5 (see Table 1 ). Planetesimals formed in non-irradiated discs present the higher C:O ratios with values up to 0.4. In ir- radiated discs, the ratio decreases to 0.1. Considering all values, the C:O molar ratio in ices is 0.25±0.15 with deviations relative to the ISM value (solar value in this study) between -20% and -80%. Variations include the variation of CO abundance in models and the assumption on the clathrate formation. Values are valid with and without refractory organics. The C:O ratio in ices of planetesimals and future comets should be always in depletion relative to the ISM value. Figure 20 shows the molar ratio C:O in all solid components of grains (left scale) and its deviation relative to the solar abun- 
0.25±0.15 C/O (all solid components) 0.47±0.07 0.2±0.1 dance (right scale), for one particular simulation (Σ 0 =95.844 g.cm −2 , a core =46, γ =0.9), as a function of the distance to the star, and for non-irradiated and irradiated models, including chemical variation (CO:CO 2 molar ratio), and with and without clathrates. Planetesimals with refractory organics show C:O molar ratio higher than 0.4 with less than ±20% of deviation relative to the ISM value (solar value in this study). Planetesimals without refractory organics show molar ratio inferior to 0.3 with deviation higher than 40% for all models. If refractory organics formed before the condensation of water ice are negligible in the cooling disc, planetesimals and future planets (see paper 3) present high C:O depletion relative to the initial ISM value (in our study, the solar value).
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Comparison to comets
For comparison with the values observed in the coma of comets, Fig. 21 shows the maximum (light area) and minimum (dark area) molar ratios of species CO, CO 2 , CH 3 OH, CH 4 , NH 3 , and H 2 S relative to H 2 O for gas phase of the disc model (yellow area), planetesimals (red area), and comets of solar system (blue area). Results take into account all the irradiated and nonirradiated models. Data of comets come from Mumma & Charnley (2011). The abundances (in mol) of species (relative to H 2 O) incorporated in icy planetesimals, for both irradiated and non-irradiated models, frame the values observed in the coma of comets (see Table 9 and Fig. 21 abundances calculated from our models show lower values. This could be explained by higher abundances of CO 2 in the gas phase of the ISM or chemical reactions producing CO 2 in the disc but not taken into account in this study. It should be kept in mind that we consider only average abundances of species in the ISM, except for CO for which rich and poor models were tested. Fig. 21 . Minimum (dark area) and maximum (light area) molar ratios of species x relative to H 2 O from the gas phase of the disc (yellow area), icy planetesimals (red area), and observations of comets (blue area). Results take into account all the irradiated and non-irradiated models.
of CH 4 , NH 3 , and CH 3 OH in icy planetesimals are larger by a factor of up to ≈ 2 for CH 4 , ≈ 3.5 for NH 3 , and 2 for CH 3 OH. The X:H 2 O molar ratio is approximately equal to 13% for CH 3 OH, 5% for NH 3 , and 3±1% for CH 4 . Variations take into account the chemical variation (ratio CO:CO 2 ) in the gas phase of the disc and the assumption on the formation of clathrates. For CH 4 , only the case without clathrate is in good agrement with observations of comets.
It should be remembered in this context that the abundances relative to H 2 O in comets have to be taken with caution. Indeed, outgassing of volatile molecules from comets is a function of their sublimation temperature and abundance in the nucleus, and also depends on the chemical processes of trapping or release, which themselves are functions of the structure of water ice (amorphous, crystalline or clathrate; see . As a result, abundances observed in coma can vary as a function of the distance to the sun and initial abundances in the nucleus. The differences between our model and the observations in comets can result from the adoption of an excessive molecular abundance of these elements in the stellar nebula compared to that in protosolar nebula. Finally, other processes like chemical conversion of these molecules, could also alter the expected abundance of volatile molecules.
The ice/rock mass ratio of icy planetesimals (≈1±0.5) without refractory organics frames the ice-to-dust mass ratio (a proxy of the ice/rock mass ratio) indicated for the comet 1P/Halley (mass ratio ice/rock ≈ 1) by the Giotto-DIDSY measurements (McDonnell et al. 1987) . It is also in agreement with the values prescribed by the Greenberg (1982) interstellar dust model (Tancredi et al. 1994) and given by Lodders (2003) for solar system and photospheric compositions. Models with refractory organics seem to be in disagreement with observations as the ice/rock mass ratio is too low (0.35±0.25). However, the ice/rock mass ratio in comets has to be taken with caution. The mass of dust ejected from comets is mainly function of the flow of gas escaping from their surface (i.e. the distance to the sun) and size of grains. A mass fractionation can occur with larger grains which stay at the surface of comets, increasing artificially the ice/rock mass ratio in comets. So, models with refractory organics could match the ratio in comets. Note also that a lower amount of organics in grains could match more closely the ice/rock ratio in comets. Remember that the amount of organics in our model is given by the amount of carbon taken -which varies from 45% to 75% (60% assumed in this work) -from the total carbon reservoir in molecular clouds (see Sect. 3.1 -Pollack et al. 1994; Sekine et al. 2005) . By decreasing the amount of refractory organics, the amount of ices increases.
Interestingly, the ice/rock mass ratio derived in our models is 1.5 to 3 times lower than the value generally assumed in planet formation models (Hayashi 1981) . The model of Hayashi (1981) is derived from solar atomic abundances of Cameron (1970) that are higher by 50 -90 % for atoms C, O, and N compared to Lodders's (2003) abundances. They made some assumptions on the volatile species, taking into account only H 2 O, CH 4 , and NH 3 , all condensing together at 170 K. Moreover, they do not take into account the possibility of forming refractory organic compounds. Finally, all assumptions and parameters adopted by Hayashi (1981) lead to an increase in about 60% in the mass of ices incorporated in planetesimals compared to our study.
Summary and discussion
In this work, we have computed the composition of ices incorporated in planetesimals using 16 different physico-chemical conditions and different initial masses of discs. We used models of disc accretion and ice formation to calculate the abundance of ices incorporated in planetesimals for different initial physicochemical conditions varying the abundance of CO in the disc, the amount of refractory organics, the formation of clathrates, the star radiation, and the mass of the disc. The main assumptions that allowed the calculation of the chemical composition of icy planetesimals are given below.
Atoms:
• O, C, N, and S have solar abundances and are shared among minerals, refractory organics, and volatile molecules • Two extreme distributions of atoms are studied: the first with refractory organic compounds, the second without. 2. Chemical composition of the disc:
• The chemical species are represented only by H 2 O, CO, CO 2 , CH 3 OH, CH 4 , N 2 , NH 3 , and H 2 S which are the most abundant volatile species observed in ISM and comets of the solar system. • Chemical composition and abundances of volatile molecules relative to H 2 O adopted in the gas phase of the disc are average values provided by observations in ISM.
• The molar ratio CO:CO 2 in volatile molecules of the gas phase has been varied in the range 1:1-5:1, in agreement with observations of ISM.
• All ices and gas species initially in the ISM are assumed to be initially in the gas phase of the disc, implying that the temperature is high enough to sublimate all ices from 0 AU to 30 AU, the area of formation of comets and planets.
• The model assumes no chemistry in the gas phase of the disc.
• Ices are formed from pure condensates and/or clathrates produced during the cooling of the disc.
• We use two extreme models of ice formation: (a) the first assumes no clathrate formation (all volatile molecules condense only) (b) the second assumes clathrate formation during the cooling of the disc (volatile molecules condense and/or are trapped).
• The thermodynamic conditions used to compute the cooling of the disc and the formation of ices are the ones derived from an α disc considering both models with and without irradiation.
• The grains and planetesimals do not migrate radially through the disc; their chemical composition is only a function of the distance to the star and the mass of the disc.
Ice line position and chemical composition of icy planetesimals We have shown that ices included in planetesimals are mainly composed of H 2 O and carbon-bearing species. The main results are given below.
1. The ice line position of most of the volatile species follows a power law as a function of the initial surface density Σ 0 of the disc at 5.2 AU. 2. Ice/rock and Ice/all elements ratios:
• The ice/rock mass ratio and abundance of ices incorporated in planetesimals vary as a function of the distance to the star.
• The ice/rock mass ratio (resp. ice/all elements mass fraction) is 1±0.5 (resp. 45±15 wt%) in icy planetesimals without refractory organics, in good agreement with the ratio of the solar comet 1P/Halley, and 0.35±0.25 (resp. 30±10 wt%) for objects with refractory organics. We discuss below the implications of the values of these ratios. 3. Chemical composition of planetesimals:
• Abundances of volatile molecules are depleted compared to pristine amounts of gas and ices of ISM as a function of their temperature of condensation, distance to the star, and initial abundance in the gas phase. They are depleted by ∼ 30-60% for the less volatile species such as H 2 O, CH 3 OH, NH 3 , CO 2 , and H 2 S, and by 70-90% for highly volatile species such as CH 4 , CO, and N 2 . The snow line computed in our study is the distance from the central star beyond which gaseous water molecules condense as ice during the cooling of the stellar nebula (e.g. Cassen 1994; Lecar et al. 2006; Bell 2010) . The process of condensation of gas of water molecules induces a dichotomy in the disc with the creation of a boundary beyond which abundance of solids (ices + rocks) available for planetary accretion and growth increases significantly (e.g. Stevenson & Lunine 1988; Encrenaz 2008 ). Models of protoplanetary discs by Sasselov & Lecar (2000) around T Tauri stars result in snowlines as close as 1 AU to the central stars, depending on the stellar luminosity and the rate of accretional heating within the disc (Alibert et al. 2010 ). Our results show that the position of the water ice line varies from about 1 AU to 5 AU as a function of the initial surface density Σ 0 at 5.2 AU. When the gaseous water molecules condense, the solid surface density Σ of the disc is assumed to increase by a factor of 3-4 (Lecar et al. 2006; Encrenaz 2008 ) in theoretical studies. This assumption helps gas giant planets to form rapidly before the quick dissipation of the gas in the disc on the timescale of a few million years due to accretion onto the central protostar and evaporation from the protostar's irradiation. Our results show that the ice/rock mass ratio is of the order of magnitude 1±0.5 or lower, following the assumption on the formation of refractory organics in the disc, leading to increase only the solid surface density Σ by approximately 1.5-2.5 beyond the ice line. As discussed in this paper, the ice/rock mass ratio is at best similar to the one discovered for the 1P/Halley (McDonnell et al. 1987 ) and given by Lodders (2003) for solar system and solar photospheric compositions. This increase in the amount of material free to form icy bodies and gas giant planets beyond the ice line is lower by a factor of 1.5 -3 compared to the increase indicated by papers of planet formation (Hayashi 1981 ; Stevenson & Lunine 1988; Encrenaz 2008) . As the solid surface density Σ of the disc increases only at maximum by a factor of 2 beyond the snow line, the timescale needed to quickly form giant planets should increase.
The good agreement of the ice/rock mass ratio (≈1±0.5) in icy planetesimals without refractory organics with the ice-todust mass ratio indicated for comets (mass ratio ice/rock ≈ 1) and values prescribed by the Greenberg (1982) interstellar dust model, suggests that planetesimals and comets contain small fractions of refractory organics formed before the condensation of gas species in the cooling disc. In this case, planetesimals and planets formed from these small bodies (see paper 3) present high C:O depletion (molar ratio of about 0.2±0.1) relative to the initial ISM value (in our study, the solar value is 0.5) with deviations higher than 40% (see paper 3).
The physico-chemical evolution of volatile species and grains in our model is known to be incomplete: our model does not include chemical reactions in the gas phase of the disc, gasgrain interactions and physical changes that could occur during the post-cooling phase are not taken into account. Moreover, the radial and vertical mixing of species and grains are ignored. Note also that we study only eight volatile molecules (the major components in comets) and that their abundances derive from average values observed in the ISM, except for CO for which rich and poor models were tested. Extreme lower or higher abundance of one or more species could change the chemical composition given in this study. All these assumptions may affect the chemical composition of planetesimals in the disc.
Moreover, our results suggest that all the ISM material entering the disc in the area of 30 AU around the star sublimates. However, previous works suggest that H 2 O ice could never evaporate during the collapse of the molecular cloud beyond 
